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Part 1
THE ELASTIC PROPERTIES OF MOLLUSCAN SHELLS
1 INTRODUCTION

From the theoretical standpont, measurements of the elastic
propezties of solids possess the greatest significance when they relate
to the matersal i the form of single crystals , the unifornuty of spacing
and orientation of the units composing the crystal lattice opens up the
possibility of theoretical computations of the clastic properties tor
comparison with the eaperimental results  The great majority of the
solids used m the aits and industiies are, however, not single crystals
bul aggregates having more or less a complex stincture  The relation
between the elastic properties of these aggregates and those of the
crystallme umits of which they are made up 1s obviously o subject
of considerable impoitance It may natwially be assumed that the
propetties of polycrystalline aggregates will depend {o a consider-
able extent on those of the single crystals which form them  The
order and airangement of the aystalhtes are obviously ot import-
ance 1n this connection Thus a random orwentation of mtrinsi-
cally amsotropic crysials may be expected to result m uan elastically
1sotropic body while an orientation about ‘a linear axis will result m a
fibre structuie and consequent elastic anisotropy In many subs-
tances, these considerations are further complicated by the presence
of a substance usually of the nature ot a cementing material which
helps to bind the various crystallites togethcr  The nature, quantity
and distribution of this cementing material will mnfluence m a marked
manner, the elastic properties of the mam substance  This cenwen-
tmg matenial may, in some cases, be an amorphous phasc of the same
chemical nature as the crystallites o1 1t may be an entircly foreign
substance

The latter type of cementing matetal occurs 1n the molluscan
shells which form the subject of the piesent mvestigation  There
are some varieties of molluscan shells m which the former kmd ot
cementing matertal occurs In choosing the materials for  this
investigation, two considerations have heen mamnly tahen mto actount
First only such shells have been chosen which are available m Tuge
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well-formed shapes so that elastic measuremenis can be made wit}
accuracy and which form representative types of the different
families of molluscan shells Secondly, the choice has been with 3
view to include only such shells as aie commonly employed for
decoralive and artistic wortkmanship  From the point of view of the
external appearance, the shells that have been chosen for study can
be classified mto two kinds, the iridescent and ihe non-iridescent
shells  As1s evident from the description, the iridescent shells, on
being polished, present a very beautiful array of surface colours
which change with changing angles of observation while the non-
iridescent shells, on polishing, present only a bright white surface,
more or less of the nature of porcelain  The ciystalline part of these
shells consists of crystals of calcium carbonate and amounts to as
much as 85 to 95% (per cenl) of the wecight of the shells These
ciystals of calcium carbonate are held togethe: in the frame-work of
the shells by an organic protein matter called conchyolin  Chalk, as
1s well-known, occuis i nature in two distinctly crystalline varieties
known as aragonite and calate It 1s the former variety of il which
occurs 1 the indescent shells commonly called mother-of-pearl
while the latter variety occuis in the non-iridescent shells

A detailed experimental study of the elastic properties of
calaite and aragonite has been made by Voigt (1890 & 1907) Fig I(4)

ELASTIC PROPERTIES

\i/Y z
DsnnunasmoouLy or ARAGONITE (voigt)
DAteLynaamoduun or ARAGonITE (voigé)
Fia 1{A)




' 191

gves the principal sections, dccmdmg to Voigt, of the clastic
suitfaces of atagomite and Fig I(B) those of calate  The stribing
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difference 1n elastic properties between the two forms 1s obvious from
the figmes Oke (1936) has made a theoretical computation of the
elastic constants of aragomite and calute based on Born’s Lattice
Theory of Crystal structure and finds a satisfactory agreement
between his calculations and the experimental values of Voigt
Accordng lo Oke, the cause of the difierence 1 the elastic properties
between calcite and aragonite 1s to be {raced to the difterence m the
relative positions of the Ca and CO. i1ons 1 the two crystals  The
elastic anisotiopy 1s more marked i the case ot aragomte than
m calcite  Indeed, in the X-Y-plane while calcite 1s 1sotropic, the
Young’s modulus of aragonite along the X-axis 15 qute double that

along the Y-axis As we shall see late1, this featuic makes itsclf felt
in the clastic propertics of mother-ot-peail

STRUCTURE AND CONSTITUTION OF THE SHELLS
2 STRUCTURE OF MOTHER-OF-PEARL
Dating from the time ot Biewster (1833), the structure of
mother-of-pear] has formed the subject of numerous mvestigations,

amongst which those of Schnudt (1924) should be specially mentioned
Boggild (1930) has made a detaled study of the arclutecture of
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molluscan shells by means of the polatising miciosco
succeeded 1 classifying them into definite groups like
geneous structure, the laminaled or the nacieous st
fohated structure, the twinned laminated stiucture, t
structmie and so on  As a resull of these studies, il 18
thal mother-of-pearl has got a laminated structure, «
alleinate layers of aragonite and conchyoln  Each atago
in tuin made up of a number of platelets of aragomte

platelets bemng bound to one another by mieivenmng
Accordmg to Schmidt and as confirmed by Boggild, i
crystallites forming the platelets i all the wridescent shell
then C-axes normal to the plane of the platelets, wh
parallel to the surface of the shells Schmudt had also
the thickness of the protem layers mtervening the ara;
was small 1 compaiison with the thickness of the latter,

also artwved at by Raman (1935) by a study of lamimar «
light by the surface of these shells By a study of the 1
and diftusion halees exhibited by these shells, Raman
established that the platelets of aiagomie forming the

shell are sensibly of umiform dimensions and spaced
regular manne:r  The three Greal gioups of mollus
Buvalves, the Gastiopods and ihe Cephalopods ate shar
tiated by striking differences m theiwr diffusion halces v
indicate that the arrangements of the crystalline pailic
are very different i the gioups He thus finds that 1 t
there 1s a more or less regular otientation of the aragonite
1espect to the Iines of growth m the plane of the shell, a1
tation m the Gastiopods and an intermediate otientation
pods From the angular size and geneial character of

halees Raman has been able {o estimate the size and dispe
crystalline particles An X-ray mvestigation of the nac
shells has enabled Ramaswami (1985) to confim th
drawn fiom these optical obseivations and {o establish «
outentation of the crystals in the dilferent shells He fin
the shells examimed the c.axis 15 normal to the shell-s
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the a and b-axes lymg n the plane of the shell have got a reguld
orientation (with only an error of 5°) with respect to the lnes «
growth 1n the Lamellibranchs and a quite random oitentation 1 th
Gastropods  In ‘Nautilus Pompilrus’ belongmg to the Cephalopo
group, a pieteried orentation 15 complicated with twmning and

laige eiror of ortentation of about 15° Ramaswami's obseivation
on Nautilus are of special interest from the viewpoint of the presu
mveshigation and are referied to m detail later on  Diftercnu
between the diffusion haloes of shells within the same group observe
by Raman are correlated with variations 1n the <ize of the platelets
atagonite and a vaiying amount of error 1 thewr onentation 1
observations with parallel and convergent polansed hght under tl
petiographic micioscope, Rajagopalan (1956) has made measuremen
of the size and ariangement of the crystal particles m the varion
shells and finds confirmation of the previous observations 1In tl
present mvestigation, the elastic properties of nacre of difterent shel
have been studied and it 1s shown that the relation between tl
elastic properties of aragonile and the shells 15 intelligible in view

the stiuctural detads established by previous mveshgators  As

shown later, it has also been possible to obtamn a quantitative cstuna
of the protemn distribution m nacie

B STRUCTURE OF NON-IRIDESCENT SHELLS

Of the two calcitic shells studied m this mvestigation, tl
‘chank’ belongs to the Gastropod gioup while the ‘Placuna Placen
commonly known as the window-pane oyster belongs to the Brvalve
The shell of the chank possesses what Boggild calls the homogenco
structure, appearing like a piece ot porcelun without any details
structiie when examined under ordmary hght When exammn
between ciossed nicols, however, definite cxtinction 15 observed
specific directions, which m this shell, exhibits a certun amount
error of ortentation  The stiucture of the window-pane oyster sh
1s what 1s called the folated structuie, the shell being made up of
bundle of almost parallel leaves  The shell architecture s disting
non-homogeneous easily flaking oft m one duection and tearmg
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pteces 1 another Unde: the polarising muicioscope, the optic axg
definitely shows an mchnation 1o the shell-suiface deviating appre-
clably fiom 90° but possessing less erior of orenlation than the
chank This kind of foliated stiuctuie 1s the calcitic analogue of e
nacreous sliucture of aragomite as it occurs in mothei-of-peail By
studying the magnetic amsotropy ofthese shells, Nilakantan (1937),
has established the angle of orientalion of the optic axis {o the shell-
surface  The crystallites of calcite form a biick-woik like btxuctme,
the biicks being rather dispiopoitionately elongaled and cemented
{ogether by a layer of conchyolm all 1ound  There 15 a 1ather liberal
use of {lus cementing material in this shell and as m the case of
‘M Mai gaiabifera,’ it has been possible to obtain a quantitative estimale
of the distribution of the cementing matertal from considerations of
the observed elastic modulus of the shell

C. Tue Cunemicar COMPOSITION OF THE SHELLS

The 1elative abundance of ciystalline and cementing matter m
the architecture of the shell will exercise a laige contiol on the
ultimate strength of the shell and its elastic behaviour and so 1t was
considered necessary to make a chemical analysis of the shellsm
order to determine the percentage of the constituents The method
of analysis 1s paiticularly simple smce it 15 known that only {wo
substances viz, calcium carbonate and conchyolin make up the shell
The analysis was done by two mndependent methods, i one of which
the calcium was estimated as oxide and m the othei as caibonate
Having deternuned the amount of calcium caibonate, the remamder
was taken as conchyolm. The specimens that had been employed m
the determination of the elastic modult weie fust dried [o1 aboul an
hour 1 an an oven maintamed at 102° and then 1educed to a fine
powder m an agate mortar This powder, which was kept mside 4
desiccator till actually 1equired for the analysis, served as the staiting
malerial for the methods of analysis In the fiist method a knowr
amount of the powder was calcined to constant weight at biight 1ed
heat 1 a crucible and the mass of the oxide thus obtamed wa
delermmed The equivalent amount of carbonate was calculatec
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and the balance was taken as conchyolm In the second method, a
known amount of shell powder was dissolved m excess ot dilute
hydrochloric acid and the calcium was precipitated as oxalate m an
ammoniacal medium  The precipitate, carefully washed and collected
i a crucible was converted mto the carbonate by heating to a dull-
red heat with the usual precautions and the caibonate obtamed fiom
the known amount of shell was determined, the balance bemg taken
as conchyolin

The results of the chemical analysis are given mn the following

table
TaBLE I
Chemuical Composttion of the Shells
Percentage of Percentage of
calcium caibonate conchyolin
Name of Shell
I I I II
method | method | method | method
— -
1 M Margaratifera .| 958 95 0 42 % 50
2 M Vulgaus . 900 890 100 | 110
8  Trochus 975 | 970 25 | 0
4 Twbo 985 925 6 T3
5 Heliotis . 920 910 §0 90
6 Naufilus Pompilius .1 860 850 110 150
7  Window-panc oysler .1 902 897 98 104
8§ Chank .. 928 924 72 70
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3 PREPARATION OF THE SPECIMENS

In Su C V Raman's puvate collection of shells, laige and
well-formed shells weic available belonging to the vaiious families
and the following table gives details of the shells that were employed
in the present mvestigation

TaBLE I

Descrptron of the Shells studied

Crystalline Approximate
No Famuly Name of Shell Component Soutce Dimensions
1 |Lamellibianchs | M Maipaialifera | Aragonite Bombay 8" x 6"
matket
2 " M Vulgatis " Rameswatam| 2 5”x1 8"
(Madias)
3 " Placuna Placenta Calule Bombay 6" x 5"
maztket
4 Gasliopods Tubo Aragonite " 6" diameter
5" Height
5 " Trochus " Andamans | 57 diameter
4" Height
b " Heliots " Califoinia 8" x 5"
(Abalone C)
7 " Tuibinella Puum Calcite Rameswaram| 4" diameter
(Indian chaunk) (Macias) | 6" Height
8 | Cephalopods Nautlilus Aragonie Ennur 6" diameter
Pompalus (Madias) | 3" Height

As will be seen [1om the above table except ‘M Vulgarns’ of
which a spectmen larger than aboul 2 was not available, all the other
shells were quite large spceimens and it was nol a dafficull matter to
prepate a few good test pieces for measuring the elastic constants
Fig 1 1epiesents the general appeamance of a specimen of ‘M.
Maigaiatifera’ after the outer prismatic layer has been cleaned up by
a 1apid application of dilute hydiochloiic acid  The lines of growth
arce clearly discernible as large curved lines 1unming nearly paallel to



one another and it 1s easy to choose a place whete the Lnes are
sensibly straight over distances of 3 or 4 cm and m such places a
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strip of about 5 mm width and as great a length as possible 15
marked out with 1its length inclined at a known definite angle to the
lines of growth The stiip 1s afterwards carefully cut out with u
jeweller's saw and ground on a thick glass sheet with emery powder
of increasing fineness so as to 1emove the outer prismatic layer com-
pletely and polish the nacreous layer sufficiently smooth The
characteristic indescent 1eflection helps to enswie duning the gunding
that the surface of the spectmen 1s parallel fo the lammation planes
Thus out of the strip cut out, a specunen of about 3 cm length, 5 mm
width and 1 mm tluckness 1s carefully prepaicd  The final grinding
1s done with the fimest grade emery powder and the dumensions are
checked at difterent places with a sciew gauge or veinier calipers to
withim half a per cent deviation trom the mean

For getting transverse sections a specially thick laige shell of
‘M Margaratifera’ whose mean thickness was about 5 mm  was
chosen and af its thickest portion, a stipp normal to the <hddl surface
was cut oft m a dircction parallel to the hnes of growth The
lammations aie clearly discernible as lmes runnmg paralled to the
surface of the shell  Tlus stup 1s first ground so as o have a thik-
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ness of about 2 mm 1e, m the ducclion pe1pendicular to
giowth 1 the plane of the shell  In favourable positions tl
of the shell was as much as 7 o1 § mm A specimen witl
along o1 al a defmule known mnclmation {o the C-axis 15 ¢
carefully polished  The width of the specimen was

duection of the Imes of growth and had a magnitude of

4 mm The thickness in the plane of the shell al rught ai
lnes of growth was of the oider of a mm o1 less i
specimen

In the case of ‘ Naulilus’, though laige shells were
the experiment, on account of the very large curvatuie anc
thickness of the shell, specimens of only about 15-20
could be piepared Furthei, smce 1t was found that tl
modulus showed sudden changes fiom direclion to duect
consideted wot thwhile checking up the values oblamed wat
by experiments conducted with specimens obtamned fron
pendent shell and it will be seen fiom tables where the
both the shells are given that within the hmits of experime
the results are compaiable In ‘ Trochus’ a difficulty was
ced mn gelting the final surface of lhe test-piece paia
Jamination planes This shell has gol a steep spual st
ihere 1s a laige skew angle between the suiface of the she
lamynations Fuithei, the nidescence of this shell 1s not qu
which adds to the dufficulty of getling a properly giound
Though gieal care was of course taken in the prepara
specimens, 1t 1s doubtful 1n the case of ‘ Trochus ' whether
success was achieved in making the sutface parallel to the 1z

4 EXPERIMENTAL ARRANGEMENT

(L) Young's Modulus—(a) For deteimining th
modulus of specimens of at least 2 cm lenglh, Koeng’s
bending was adopted Two adjustable robust knife-ec
bolted on to a heavy lathe-bed and the specimen was sug
the iwo knife-edges Two small plane mirrors were fixec
upper sutface of the specimen with theu planes as near
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dicular to the specimen suiface as possible and thewr reflecting
surfaces facing each other At a distance of about a metre fiom one
of the muirois was suppoited a vertical mm scale which was strongly
tlluminated with an electric lamp close at hand On the side of the
apparatus remote fiom the scale was mounted a telescope for viewing
the mmage of the scale as reflected by the two murrors A sturup
cartzed on a third hight and small kmfe-edge, resting across the
specimen exactly midway between the two supporting kmfe-edges
carted a Dght scalepan Care was taken to see that two
muiors were arranged symmetrically with respect to the two kmife-
edges and the distance apart between them was equal {o or shightly
gicaler than that between the two knife-edges For the <ame shell
the experiment was repeated with difterent distances between the
knife-edges and with samples of different thicknesses The resulls
justified the anticipation that witlun hints, the elastic modulus would
be independent of the dumensions of the specimen In calculating
the value of the modulus from the observed displacement m the read-
ing of the telescope, the following formula was employed

3wl (2D +1)
=T %dn
wheie ¢ 1s the Young's modulus of the materal, w 1s the weight
applied at the midpomnt, D 1s the distance between the scale and the
muror facing 1t, 7 15 the distance between the two murors, 715 the
distance between the two kmfe-edges, b 1s the width of the specimen,
d 1s the thickness of the specimen, and 2 15 the obscived displace-
ment of the scale reading

(b) For determming the Young's modulus of specimens of
1 cm length or thereabouls, a smgle cantilever method of bending
was employed  The speumen was firmly clamped hotizontally at one
end to a stift short veitical pillar boltcd on to the lathe-bed and was
loaded by means of a scalepan suspended fiom a sturup resting on
the specimen near its free end A thin strip of plane murror attached
vertically to the free end of the specimen and a telescope and scale
mounted at about a metre m front wete employed to observe the
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deflection of the specimen The modulus was calculated by the
formula,

12 wi’D
T bdir

where [ represents the distance on the specimen between the
clamped end and the sturup cariymg the scale-pan and the other
symbols signify as mn the pirevious formula

A test experiment conducted on the same specimen by methods
(a) and (b) showed thal the 1esults obtamned were comparable

(2) Rugedity Modulus —For determining the ngidily modulus
the following ariangement was found convement A stout vertical
metallic pilar aboul 20 x 2 x 2 cm was bolted rigidly to the lathe-bed
and carried two cross-arms The loweir cioss-um was a fised one
while the upper one was capable of bemng clamped anywhecre along
the pillat  The specimen was, al ils upper extiemuty, fimly clamped
to the upper atm and at its lower extiemuty was clamped axially to a
disc A slout, shoit, smooth pin attached axially to the lower face
of the disc was passed just freely through a hole in the lower arm
vertically below the upper clamp and seived {o prevent lateral oscil-
lations of the speumen wilule, howcver, allowing free 1olation A
piece of fine silk thread was doubled round a pin fixed on the 11m of
the disc and its iwo extremities left the disc tangentially al opposite
cnds of a diameter and passing over two smooth ball-bearmg pulleys,
catried light scalepans al the ends  Two small plane muriots cairied
on very narrow metallic stiips weie fixed at a swtable distance
apart on the spectmen and a telescope and a scale weie arranged
at a distance of about a metre in fiont of {he mirrors Since the
vertical distance between the two miriors was of the oider of 2 cm
or less, it was possible {o get the mmages of the scale as 1eflected
by the {wo murrors sumultaneously m focus m the field of view
of the telescope When equal weights wecie added to the two
scalepans, the lower end of the speccimen was rotated relative to
the upper end and the twist varymg as the distance from the clamped
end pioduced different angles of rolation of the {wo murors and
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corresponcing  difterent changes m o the teleseope 1cading  The
readings of the telescope thus helped fo get the rilative angle
of {wist between the two sections and the 1gidity modulus, n
was calculated by means of the formula,

e 82 Mgdly

ol [E —3 36191 (1))
O a

?

where M 1epiesents the mass at each end of the stiing, ¢ 15 the ac-
celeration duc to gravity, d 15 the diameter of the disc, 7 1s the
distance between the two muiors, © 16 the distance between the scale
and the mutors, @ 1s the width of the speeimen, & 15 the thickness of
the specimen, and 1) and 1, wc the obscrved displacements of the
readings from the (wo muiors

This tormula 15 applicable only to specimens whost widih 1s at
least six times 1fs thickness and care was tahen to sec that all the
specimens employed salisficd this condition  Further since specimens
less than 2 cm 1n length could not be satisfactorly used m the
appatatus, the 1igidity modulus 1 such cases has not been
determined

REsuLTs

The following tables give the 1esults of the experiments on the
various shells  The 1coults are also tepresented graphically on polat
coordinates so that the 1adws vector in any dircction gives the
modulus along that direction, the x-axis bemg chosen to represent the
duection of the lines of growth  For puiposes of comparison with
Voigt's curves, 1n the case of some spccumens, the values of the
extensibility and deformability are plotted mstcad of Young's modulus
and rigidity modulus  The 1eaprocal ot the Young's modulus cx-
pressed m grams weight pur square millincter s termed the
extensibility and corresponds to what Voigt calls “ Dehnungs co-
¢ificient ” and the 1eciprocal of the ngudity modulus also eapressed m
grams weight per squarc mullnucter s termed the deformability
cortespondmg to what Voigt calls  Duillungs coefficient’
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TasLe III
Young's Modulus of M Margaratifera wn the plane of the shell

Inclmation to Young's Young's T
No lines of growth énodul/léf nn% mmodt/lzglsn . Extensibility
ynes gin
1 0° 9 25 x 10" 946 x 10° 106 x 107
2 15° 782 800 125
3 30° 7 38 755 133
4 45° 8 06 824 121
5 60° 701 7-16 140
6 75° 6 06 6 20 161
7 90° 574 587 170
8 105° 6 64 679 147
9 120° 723 739 135
10 185° 737 7 54 132
11 150° 759 776 129
12 165° 966 988 101
TABLE IV
Young's Modulus of M M gaiabifera wn the transverse section
No tf)nf}]l;nizo}gs rflglcllltlllguss Xlgl(liﬁ%ubs Extensibihity
in dynes/cm® | mn gm /mm *
1 0° 2,12 x 10" 217 % 10° 461 x107
2 30° 129 132 759
3 45° 125 128 780
4 60° 281 2 87 246
5 75° 323 330 303
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TanLe V
tegidity modulus of M Margaratifera in the plane of the shell
Rigichty ) I
Xo | ey ot o | S Dy
1 0° 2 66 x 10M 272x107 3 68 x 107 )
2 15° 262 268 373
3 30° 252 258 388
4 45° 225 2 30 4 385
5 60° 239 211 409
6 75° 210 215 4 66
7 90° 211 219 157
8 105° 216 221 £33
9 120° 249 247 104
10 135° 236 211 415
11 150° 240 215 4 08
12 165° 273 281 338
TaBLE VI
Elastic moduly of Turbo i the plane of the shell
Inclmation | Young's | Riguity | torm:
No to limes  {modulus m Extensibility {modulus m bality
of growth [dynes/cm ___ idynesfem?| W
1 0° 684 x10" | 165 x107 14935 x10" | 116%x 107
2 30° 681 145 2141 4 06
3 60° 6 89 142 236 115
4 90° 63 152 2 18 Jai
5 120° 6 68 116 240 108
6 150° 679 11t 2 38 t11
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TaBLE VII
Young's modulus of Nautilus Pompilwus en the planc of the shell
Inclmation to Young's modulus 1 dynes/cm *

No lé?gf’yﬁf 1st Shell ) 2nd Shellww Average
1 0° 4 32 x 10" 4 44 x 10" 4 38 x 10"
2 75° 231 341 3:34
3 15 0° 278 290 2.84
4 22 5° 278 290 2.84
5 30 0° 381 3 86 384
6 37 5° 372 386 379
7 45 0° 298 3 09 304
8 52 5° 4 47 461 4 54
9 60 0° 286 277 282

10 67 5° 302 313 308

11 750° 310 300 305

12 82 5° 241 241

13 90 0° 188 198 193

M2 N
oS

Dehwangamoduls of M Margarabiferes Duiltungamoduln of

e ny
Y
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e 11T
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YOUNG S MODULUS OF CALCILIC SHLLLS
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TasLe VIII

Lubwdir Prum (€ onch)

Placun Placenta
(Window pine Oyster)

Elastic Modulus of chanl o1 ‘Turbinella Purum' in the

plane of the shell

Go | Trclmaton foocs | Young's Modus | sy
1 0° 558 x 10" 175%x10°
2 15° 4 81 203
3 30° 4 50 217
4 45° 374 9 62
5 60°
6 75° 105 289
7 90° 105 932
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TasLe IX

Elastic Modulus of window-pane oyster wn the plane of the

Inclination to Young's Modulus 1n -

NO | jnes of growth dynes/cm * Extensibil
1 0° 180x 10" 543 x1
2 15° 1-84 5 32
3 30° 257 381
4 45° 313 313
5 60° 370 2 64
6 75° 565 173
7 90° 1.34 730

TaBLE X

Young's modulus of other shells wn the plane of the she
) Young's mo
No Shell Youxllg S Ig?d?gz;tﬁ long across line
Ines oL & growth

1| M Vulgars 4 26 x 10" dynes/cm ?
2 | Trochus 3 37 x 104 y 3 31x 10" dyn

3 | Helwotis
(Abalone) 4 36 x 10" " 327 x 10"

Nore —The Young's modulus noimal to the lines of giowth has not bes
mined 1n the case of M Vulgatis since the shell was a small thin

a laige cuivatuie
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5 RELATION BETWEEN STRUCTURE AND ELASTICITY
A MoO1HER-OF-PrLARL

An analysis of the results given m the previous section bimgs
out promunently some inleresting facts and an attempt 15 made to
cotrelate those facts with the known stiuctural details, resery mé a
detailed consideration of individual shells to a later stage

It will be noticed that the elastic properties show a moie or
less regular variation with direction m the case of shells of the
Lamellibianchs wheremn we know from mdependent evidence there 1s
a definite orientation of the crystals, while in the Gastiopods where
there 1s random ottentation m the plane of the shell, the directional
variation of elasticity 15 miegular and within the limits of esperimental
crrors and structuial faults (In HELIOTIS C, however, there 1s
cvidence of a definite though small elastic anisotropy, a fact agreemg
with Ramaswami’s obseivation that m this shell there 1s an arrange-
ment sumilar to that n M VULGARIS but with a lage error of
orientation varymg from 60 to 90°) In NAUTILUS where an
intermediate behaviour will be expected, a totally pecular vanation 1s
observed and it will be considered later on Again within the same
zoological gioup 1t 1s observed that the elasticity varies considerably
from shell to shell Thus the Young's modulus of M MARGARA-
TIFERA along the lincs of growth 1s 93 while the corresponding
value for M VULGARIS 1s 43 Among the Gastropods, TURBO
possesses a value of 6 5 for 1ts Young’s modulus which it 1s about 3 3
and 48 for TROCHUS and HELIOTIS C, 1espectively  The
absolute magnitude of the clastic modulus of any shell 15 also of
mterest Thus m M MARGARATIFERA where the ornentation 15
of a high order of regularnty, the Young's modulus i any dircction 1s
considerably less than that ot aragomite m a correspondmng duection
The average value of Young's modulus for a random distribution of
atagonite will be about 93 while the actual value for TURBO m
which a completely random orentation 1s known to exiwst 1s 1 the
whereabouts of 6 5

That the elastic amwsotropy of the shells depend upon the
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degree of orientation of the aragonite cryslals in the plane ot
shell 1s a necessary consequence ot the fact that the arag
crystal 1tself possesses matked elastic anisolropy Hencc
oidetly disposition of the crysials will moie or less tend to pres
the anisotropy, while a quiic random orientation will average
the differences to a mean value Comparing Figs I & III
see that the elaslic cuives of aragomite in the xy-plane and of
shell ‘M Margaratifera’ n the plane of the shell are quite s
(except for the ratio of the axes) and that the maximum value o
Young’'s modulus of aiagonile occurs along its a-axis and of the
neaily along the lmes of growth  From this we infer tha
‘M Maigaratifera’ the aragomte cryslals are oriented in the pla
the shell with theu a-axis, more or less, along the lines of giowth

Still the fact that the actual elastictty 1s considerably less tha
probable value for the distribution concerned calls for an explan:
We know that in all these shells, though the bulk of the matter
sisis of aragonite crystals, the crystal particles themselves are b
fogether 1 a framework of conchyoln It 1s also known that
chyolin possesses a very low elasticity of the order of 0 3 x 10" o
cm ® and that the resulting elasticity of a nuxtwie of two subsi.
will have an mtermediate value The drop in the elasticity of the ¢
1s therefore to be attiibuted to the effect of the binding mateial
assumption gets further support from the fact thal within the
family, the drop in the elasticity mcreases with the conchyolmn co
of the shells, as 1s seen from the following table.
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TaBLr XI
Relation between Young's modulus and Conehyolin content

[Percenlage byl  Young's
No Fanuly Shell weight of | modulus along
conchyoln | lmes of growth

1 | Lamelli- M Maigaratiferas 42— 50 | 93x10%
branches dynes/cm *

2 " M Vulgaris 100—110 | 43 "

3 | Gastropods Trochus* 25— 30 |34 "

4 " Turbo 65— 75 |65 ”

5 Heliotis

(Abalone C) 80— 90 |43 "

6 | Cephalopods | Nautilus
Pompilius 140150 | 45 '

* Tiochus appeais to be an exception but may not be ieally so The low
value of the Young’s modulus m spite of low conchyolin content might be due to
want of paiallelism between the suiface of the test-prece and the plane of lamuna-
tions, a difficulty that has aheady been referred to A sewn ftom table IV, Gven o
small mclmation to the lanmnation plne bimgs the Youny's modulus down fiom o
value 9 3 1n the plane of the shell to 3 3 fo1 an mchnation of only 15° theefrom

B Carcrric SHELLS

The elastic modulus of the calcitic shells, chank and Placuna
Placenta shows a marked amsotropy m the plane of the shell itsclt
This 18 mnleresting trom two pomts of view  Oidmauly m aragombic
shells, the Gastiopod family shows a 1andom distribution of the crystals
1n the plane of the shell 1esultng mn a uniform value ot Young's modulus
n ditterent directions  The chank which belongs to the Gastropod fanuly,
however, shows a defimte amsotropy i the plane of the shell which
clearly rules out a random orientation  The next mteresting pomt 15
thal, the clastic propetities of calate m a plane perpendicular to the
optic axis bemg 1sotropic, the large elastic anwsotropy ot the calutic
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shells 1 the plane of the shell definitely indicates an inclination ¢
c-axis to the plane of the shell, differing appreciably fiom 90°
dependent evidence of this conclusion 1s available both from a stu
the microscopic structure and magnetic anisoliopy of the shells

Also a comparison of the values of extensibilily of the
with the corresponding values of calcite given by Voigt shows
the plane of the shell in the case of the chank coriesponds tc
xz plane of calcite with the x-axis parallel to the Imes of growth
ihe z-axis 1n a plane perpendicular o them  Furthei, the laige
of the extensibilily at right angles to the lines of giowthie,mt
plane suggests that the inclination of the z-axis to the plane
shell 1s not very large, piobably of the oider of about 30°

A simular comparison mn the case of Placuna Placenta indi
that the plane of the shell corresponds to the yz plane of calcite
the Iines of growth parallel {o the z-axis The plane of ihe
however cannot be the yz plane since the micioscopic as well .
magnetic evidence defimitely establishes that the z-axis 15 1nc
at an angle of 64° to the shell surface Fiom {he close corie
dence of the extensibility in the plane of the shell with that ¢
yz plane of calcite, we mfer that {he y-axis 1s nomal {o the
of giowth Hence we infcr the following facts about the dispo
of the ciystals i the plane of the shell Y-axis perpendicular t
lines of growth, =x-axis paiallel {o the lines of giowth and nchn
an angle ol 26° to the plane of the shell, z-axis parallel to the
ol growth and mclined at 64° to the plane of the shell *

As in the case of the aragonitic shells, the eflect of the
chyolin 1s to diminish the aclual value of the elasticity of the ¢
structure in the vairous duections and a detailed calenlation |
upon the obseived elastic modulus 1 the respeclive duections en
us to deduce the disliibution of conchyolin m the stiucture

6 ‘M MARGARATIFERA’
By making use of the observed values of the Young’s mo
along and acioss the hnes of giowth in the plane of the shel

* Numerical value taken fiom Nilakantan’s paper
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combination with the micioscopic data on the size of the crystalline units,
it 15 posstible to calculale the distiibution of conchyoln 1n the structure
Constdering the natuie of the quanttties mvolved m the calculation and
the unavoidable approximations itroduced therem, the results are at
best only near the truth but thewr gieat clum to consideration lics 1
the fact that the value of the Young's modulus perpendicular to the
plane of the shell deduced from the results of the calculation agices
remarkably well with the experimental value Indecd, it was the
startingly low value of the Young’s modulus m tlus direction accordng
to the calculations that was the incentve for the rather difficult expert-
mental determination of this quantily and it 15 gratitying to note that
the trouble proved to be worth taking

A detailed calculation 1s given for the shcll ‘M Maugaratifera’
since only 1n this case all the necessary optical and other data were
avatlable  The architecture of this shell can be compared to a biick-
work on a microscopic scale wherem the particles of aragomte torm
the bricks and the conchyolin forms the mortar Assuming the
platelets of aragomte to be approximately rectangulai, let ils dimen-
sions be «, B and ¥ along the ciystallographic axes a, b and ¢ and
let us choose the axes of co-ordinates, », y and 7 respectively parallel
toa, b and ¢ If we assume that the conchyolin suriounding the
platelet all round has got a thickness da along a, 68 along b and a7
along c, the unit of structure can be taken as a platelet of aragonite with
adjoining conchyoln layers on one set of three mutually perpendicular
faces In eftect the stiuctural umt becomes a brick of dimensions
(u+8a), (B+3B) and (v+3Y), the ¢BY portion of which consisis of
aragonite and the da—3B-8¥ portion consists of conchyoln  Smce the
entue shell consists of a packing of these structural umts, the Young's
modulus of the shell i any direction will be the same as that of the
structural unit in that direction Hence we shall now proceed to
deduce a general expression for the Young's Modulus of the structual
unit 1n any duection

Let ¢, ¢, and ¢, be the Young's modulus of aragomte along
the a, b and ¢ axes respectively and let ¢ be the Young's modulus of
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conchyolin assumed 1sotropic and let ¢, , g, and g, be required va)
of the Young’s modulus of the structural unit along the x, y and z-,
respectively

In order to find the total effect in any direction of all the
chyolin layers, we shall consider the eftect first of the layer norm:
that direction and then of the layeis parallel to that duection 7
n order to find the Young’s modulus ¢, we shall first consider
effect of the layer of thickness du on the aiagonite and then the e
of the layers d8 and v 1If a stress of magnitude S acts or
structural unit parallel to the x-axs,

a

Strain along the x-aixs of the aragonite portion =§~ and s
along the x-axis of conchyolin port10n=—é

The corresponding extenstons are an andg da respectiv

2

'Qg a+q§ da
Total stram e= "
S _ a+da ¢, q (a+da)
Modulus ¢'= ?—— 5a = et qda
Qu q

Next to find the eftecl of 48 and dY on ¢’ consider a sect:
the structural unit noimal {o the x-axis  The thickness of the
chyoln layer mn the ab-plane 1s &7 and thal i the ac-plane i
Let us consider a uniform hnear stram, e along the x-axis

Force on the aragonile face along the x-axis=eqg'8Y

Fome along the x-axis on the conchyolhn)
layer of thickness, 87} = eq(B+3B)dY

Force along the x-axis on the conchyolin} v88
layei of thickness, §8 e

Total force along the x-axis=(¢'BY +qBdY+qviB)e

(In this expression and wn the sequel, products of da, J/
d7 among themselves are neglected as quantities ot the secont
thud order of magnitudes )
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Fmal modulus along the x-axis=g,_

_ (q'BY +qBdY+qviB)e 9
=BT+ B+ 730)e (2)

Substituting for ¢’ in 2 from equation 1,

B7¢.9(a+3a)
Jotq it +gBd8Y +qviB

BY +Bdv+viB

_ 9(aBY g+ BYda g,+aBdY q+7adfBq) (3)
q(aBY 4 aB8Y +7a 38) + BYdu ¢, )

Q<=

By a cyclic variation of o, 8 and ¥, we obtan,

¥ q(aBY + B7du+aBdY) +vadBq,
_ q(aBY q,+aBdYq,+YadBq + BYda g) (5)

2 g(aBY +YadB+ BYda) +afBdvg,

Now of the three quantities ¢, ¢, and ¢, given by equations
8, 4 and 5, ¢, and ¢, have been determmed experimentally and
hence to solve for da, I8 and &7 another equation connecting them
with known quantities 1s necessary and this 15 obtamned from con-
sideration of the peicentage composttion of the shells  Considermg
the structural unmit of dimensions (¢+ ), (B+38) and (¥ +47)

Volume of aragonite =afBY and
Volume of conchyolin = (BY3a+YadB+«BdY)

We know from the chemical analysis of ‘M Margaratifera’ that
it contams 95 per cent by weight of aragonite and 5 per cent by
weight of conchyolin

Hence in 100 gm of the shell,
Weight of aragomte =95 gm and
Weight of conchyolim = 5 gm
Density of aragomtc =292 gm /cc and
Density ot conchyoln =125 gm /c¢
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Hence 1 100 gm of the shell,
Volume of aragomite =325 cc and
Volume of conchyoln =40cc

32 5
Ralio by volume of aragonite to conchyohn:——W But from

the dimensions of the structuial unit, the 1alio of the volumes
_ a3y _ 325 (6)
(BYda+VadB+aB0Y) 40

From a careful study of very thin sections of the shell, under
the microscope, the platelets are found to have dimensions very
nearly n the ratioof 3 10 1 along the a, b and c-axes respectively
Hence, 1 our equations we can substitute for «, 8 and v the quan-
tities 8, 10 and 1 1espectively on some arbitiary umt  To get an 1dea
of this arbitiary unit 1t might be remaiked that the largest dimension
of these platelets varies between 3 and 4u and hence 10 of these
arbitrary units make up 3 or 4.

Solving equations 3, 4 and 6 for dq, §8 and 8, we obtain
Sa=00267, 68=0095, dv=01066

We thus find that the thickness ¥ of the organic material
belween successive layeis of aragonite 1s only aboul one-tenth the
thickness of the aragonite layer itself, a fact which confirms the views
of Schmidt and Raman  Furthei, compared to the thickness of arago-
nite 1 coriesponding duections, there 1s maximum protemn ratio m the
z-ax1s direction.

By substituting for de, 8 and J¥ m equation 5, the Young's
modulus of the shell perpendicular to its surface comes out fo be
2928 x 10" dynes/cm® The experimental value (refer table IV) s
2 1 x 10" dynes/cm ® and the agreement 1s seen to be quie good

7. ‘NAUTILUS POMPILIUS'

As mentioned previously the elastic behaviour of this shell 1s
pecubarly mnterestng This shell belongs to the Cephalopod famly
where the crystals of aiagonite aie having an mntermediate degree of
ortentation  Hence one would have expected the elastic curve to
have a shape neither so elliptic as ‘M Maigaratifera’ nor so circular
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as ‘Turbo’ The actual curve, however, has got a very uregular
shape with sudden variations between maxima and minima If, in the
calculation given m the pievious section for the Young’s modulus of
‘M Maigaratifera’, we substitute 14 per cent of conchyolm as it
exists m ‘Nautilus’ mstead of the 5 per cent asin ‘M Margara-
tifera’, we obtam the value of Young's modulus somewheie about
4 8 and 1t 15 interesting {o note that in the expentment on  Nauhlus”’,
the value of the modulus 1n any duection does not exceed this lumit

From X-ray studies, Ramaswamy has pomted out that mn
¢ Nautilus ’ the crystals of aragonite are twinned across the plane 110
A gioup consisting of two pans of oppositely directed twms 1n neces-
sary to explain the X-ray pattein  Fiom the pownt of view ot elasti-
city, however, the two pawrs are identical since the elistic curve of
atagonite 1s symmetrical with respect to the axes Assumimng tor a
moment that a similai twinning were to take place m ‘M Margaiati-
fera’ we can easily calculate the effect on the elastic curve of this
{wimning For finding the Young's modulus m any duection of a
{winned structuie, we shall have to compound in that direction the
effect of the two ciystals mnclined to each other al an angle of 120°
If ¢, and g, represent the Young's modulus along any direction due
to the two components of a twinned structure, the 1esultant value ¢ in
that duection will be
20
hts
The followmg table gives the calculated values of the Young's
modulus for a twinned stiucture
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TaBLE XII
Young’s modulus of a twinned struclure
No Inclination to lines of growth qQ Qs q
1 0° 738 738 738
2 15° 806 782 794
3 30° 701 925 792
4 45° 606 782 6 83
5 60° 574 7 38 6 46
6 75° 6 64 8 06 728
7 90° 7-23 701 712

We see from the curve (Fig III) that the effect of twinnmg 1s
to consideiably modify the elastic behaviour While the elastic curve
of untwinned crystals in ‘M Margaiatifera’ 1s a uniform ellipse, that
of a twinned structuie shows maxima and minima withmn the same
quadrant It should, howevet, be admitled that the maxima and
minima of the twinned structure are fewer and much less pronounced
than those representing the actual behaviour of ‘Nautdus’ Twin-
ning may be responsible to some extent for the peculiu behaviour of
 Nautilus ’ but 1t looks as though 1t 15 not the whole cause. The laige
quantity of conchyolm present in this shell, introduces, perhaps, com-
plications 1n the elastic properties  One remaikable feature that was
noticed in the present investigation was that, of all the shells examined,
it was only ‘Nautilus’ that showed an elastic hysteresis to a well-
defined and large extent Possibly the distribution of conchyolin n
the plane of the shell 18 of such a chaiacter as to give rise to the
sudden variation in elastic properties from direction to direction
When thin sections of this shell are examined between crossed nicols



217

under the polarising microscope, the conchyolin appears as dark
palches and the size and distribution of these dark patches are found
to be of a complex charactei, a fact which lends further support to this
idea

8 PLACUNA PLACENTA

By the method employed m the case of M Maigaratifera for
elucidating the conchyolin distitbution m the shell it 15 possible to do
the same for this shell The values of the extensibility of calcite mn
the plane of the shell patallel and perpendicular to the Iines of growth
and m a direction perpendicular to the planc of the shell have been
obtamed by substiluting proper values of the duection cosines 7, m
and n i the general expiession given by Voigt for the extensibility
of calcite 1n any direction Remembenmng that the extensibility 1s the
1eciprocal of the Young's modulus expiessed m grams weight per
sq mm , the corresponding values of Young’s modulus m dynes per
sq cm have been calculated The general eapression for the ex-
tenstbility E (I, m, n) mn a duection whose direction cosmes with
a, y and z-axes are respectively /, m and 7 1s E(I,m,n) =

11 14 (1-n")* 417 18n* + 31 05m*n®+ 17 97mn (31~m®)

The direction of the lmes of growth m the plane of the shell
corresponds to a direclion m the XZ plane of calute mclined at an
angle of 64° to the z-axis and 26° to the x-axis, while the duection at
right angles to the lmes of growth coiresponds to the y-axis of
calcite  The direction normal to the plane of the shell corresponds
to a direction 1n the xz-plane of calcite inchined at an angle of 26° to
the z-ax1s and 64° to the x-axis Hence the extensibility correspond-
ing to the three directions will be obtained by substituting
1=c0s26, m=0 and n=-cos64, for the first ducction,
l=n=0 and m=1, for the second direction and
I=cos64, m=0 and n=cos26 tor the thud duection
Thus calling the three directions a4, b and ¢, we obtam

E,=T7901x10" and ¢,=12 38 x 10" dynes per sq cn
B,=1114%x10"° and ¢,= 878x10" "
E =1161x10" and ¢,= 874x10% "
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From the experiment, we know that g, =18 x 10" dynes/cm?
and g,=1 84 x 10" dynes/cm®
The percentage of calcite 1n the shell=89 7 and of conchyolin
1s 103
Denstty of calcite =272 gms /cc and
Denstty of conchyolin =125 gms /cc

In 100 gms of shell,

897
volume of calcxte=§—7:§=32 98 cc

and » ,, conchyolin =795=825cc.

Ratio of the volume of calmte} _3298

to conchyolin
The values given by Schmudt for the platelets of calcite 1 Placuna
Placenta are 100x X 5u X 1u

a=100u, B=5u and Y=1u

Substituting these values m equations 3, 4 and 6 and solving
for éa, §8 and 37 we obtamn da=16 9u, d8=1 22u and §v=0 163u

The values of the conchyolmn thickness surrounding the calate
crystallite obtained above mdicale a veiry libetal distiitbution of the
protemn , particulaily the thickness of conchyoln along the lmes of
growth between ncighbouring platelets of calcite comes out to be of
the oider of nearly 17x about a sixth of the length in this duection of
the calcite platelet. Without being actually present in such laige
patches, an equivalent efiect could be produced by even a small error
of orientation of the crystallites Since the ciystallites ate veiy long
compared {o their c1oss-dimensions, even an error of orientation of 5°
will make the effective thickness of conchyolin along the lnes of
giowth very large  Since 1t 1s known that ihere 1s a cerlamn degree
of error of orientation i thus shell, the ligh value of du 1s very likely
the effect of this fact

A. comparison of the relative thicknesses of crystal to piotein
m ‘M Margaratifera’ and Placuna Placenta 1s very significant
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da a 13,8 8 oY Y
M Margaratifera 00089 00095 0107
Placuna Placenta 016 024 016

It 1s seen at once that the conchyolin distribution 1s more or
less uniform all round n Placuna Placenta while in M Margatatifera
1t occurs much more liberally normal to the plane of the shell than in
the plane of the shell ~ Also in conformuty with the greater conchyoln
content of this shell, Placuna Placenta has a very hiberal distribution
of conchyoln all round  This explamns both the easy Flaking of this
shell and 1ts easy tearing in the plane of the flakes Evidently also
the low values of the elastic modulus aie due to this large protemn
content

9 SUMMARY AND CONCLUSION

The elastic properties of mother-of pearl obtamed from a
number of molluscan shells have been determmed in diterent ditec-
tions with respect to the lmes of giowth In the case of ‘M Mar-
garatifera’ the Young’s modulus n the tiansverse section also has
been determuned As a general rule 1t 1s found that m all the shells
examined, the Young's modulus i any gwven direction dinmunishes
with increasmg protewn content

In ‘M Margaratifera’ there 1s a large elastic anisotropy m the
plane of the shell, the values of the Young’s modulus parallel and
normal to the lines of growth being 9 8 x 10" dynes/cm * and 5 & x 10"
dynes/cm ? the shape of the elastic curve bemng smmdar to that
of aragomte 1 the XY.plane The torsional propettics m the plane
of the shell show also an ansotropy similar to aragomite m the XY-
plane  These observations agree well with the known ewstence
of orientation 1n the plane of the shell of the crystal particles compos-
ing the shell The Young's modulus in the transveise section 1
found to have a remarkably low value

The elastic behaviour of ‘ Turbo ' and ‘ Trochus’ m the plane
of the shells 1s, on the other hand, sotiopic agreemng well with the
known randomness of crystal oiientation piesent m these shells  In
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¢ Helotis (abalone) theie 15 evidence of a defimte though small elastic

anisot1opy, as 1s to be anticipated from the X-ray obseivations on thig
shell

A genetal expression for calculating the elastic modulus of 5
compound stiuctuie 1 teims of the elastic modult of component
materials and theiwr distribution 1s derved and by the use of this ex-
piession in combination with lhe observations on the Young's
modulus of ‘M Margaatifeia’, the distribution of conchyolin i tlus
shell 15 deduced The formule mdicate, 1n agreement wilh othe;

evidence that the conchyolin layeis between the aragonite layers ate

very thmn m companison with the latter The low value of the

Young's modulus in the duection notmal to the laminations as found
by the expetument is also explained by the theoty

The elastic behaviow of ‘ Nautilus Pompilius’ 1s found to be
very peculiar, showing 1apid variations i the value of the Young's

modulus from duection {o direction 1n the plane of the shell  Though

twinning which 1s known to be present i this shell, might account
for this to some extent, the 1eal cause 1s probably to be traced to some

peculiarity i the distribution of the laige amount of conchyolin
present 1n this shell

The elastic behaviow of the calcitic shells ts found to be n
conformuty with the known meclinalion of the c-axis of calcite to the
plane of the shells and an estimate of the protem distribution m
Placuna Placenta has been deduced fiom considerations of 1ts elastic
behaviour  The protein thickness all round comes out to be quite
large particularly m the direction of the lines of growth and a possible

alternative view of tlus fact based upon the known eiror of orentation
of the crystallites 15 suggested.

In conclusion, the author wishes to thank his Professor, Sir C V
Raman, kt, FRS, NL for helpful suggestions and kind mterest m

the work and for placing at the disposal of the author his valuable
collection of beautiful shells
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